In mobile machinery powered by hydraulics, such as cranes and excavators there is much oscillation in the mechanical structure of the machine if the controls are not handled very gentle by the operator.
A lorry crane was used as an example of a typical mobile application that can be subjected to high inertia loads. For the experiments a Hiab 070 crane was installed in the laboratory. Bahco Hydrauto valves with electrohydraulic positioning was connected to the crane. This meant that a computer could be used to control the valves. In all the experiments described here the regulators have been using a sampling rate of 50 Hz and the load used had a weight of about 150 kg. For an inertia load with one degree of freedom (a lumped mass on the piston) the load impedance will be (see ref [6] where also other examples of load transfer functions are listed):
If there is no pressure compensation of the valve, then:
Where Kcv is a constant. Inserted in eq. (5) In Fig. 3 The high frequency oscillations are even more pronounced at smaller valve opening. See Fig. 6 were the input has bee reduced to 0.3 volts. This is probably due to the fact that the valve-opening as such will contribute to the damping of the system by having a larger Kcv value at large valve-openings. See eq.(8). To explain this high frequency instability it is necessary to investigate the open loop transfer function of the system. This can be measured by giving a disturbance in the input signal to the valve and then make frequency analyses of the input signal and the load pressure. Obviously, there is a second resonance peak at a frequency corresponding to the high frequency oscillation. This is caused by the load and/or the valve. The phase shift causing the phase to go beyond-180 deg. is explained by the limited response of the valve. The load alone cannot cause the phase to go beyond-180 deg since it is a passive system (there is, however, an exceptions from this discussed in ref [6] ). This phase shift will be even greater if a slow sampling rate is used in the regulator. 
The guide function is defined by the following equations
First the factor ƒÊ is calculated
The value of t is restricted to be in the interval.
Finally the input signal is calculated using eq.(17) Obviously, the system is slightly more oscillative in the low frequency range than with pure pressure feedback but it is still much less so compared to the undamped case in Fig. 3 and the high frequency oscillation has vanished completely. One explanation of the result being so good, despite the rather crude distortion that the control signal is subjected to by the guide function, is the fact that the valve is kept open long enough to let the Kcv of the valve contribute to the damping.
Since the pressure at the inner piston is affected when the outer piston is actuated, this pressure can be used to damp the outer piston as well. This means that only one pressure transducer is needed to damp both functions. This was also implemented with good results.
ADAPTIVE CONTROL
The reason why a system with pressure feedback may become unstable is the phase shift that may occur in the feedback path. If a regulator without a feedback path including the hardware is used, this problem is avoided completely.
This can be implemented if an observer is used to calculate the load pressure. The pressure is fed back from the model rather than from the real system and the same input signal is used to drive both the observer and the real system. An observer is a mathematical model who is resembling the real system sufficiently well. None of the factors causing problems in the real system are, however, modelled.
The transfer function from Uvto PL is introduced. The regulator transfer function G4s) is defined
From Fig. 12 Gi(s) is obtained as:
The transfer function of the real system can be measured using frequency analyses with the HOPSAN II program as was shown in Fig. 7 
which shows GS(s).
The system is dominated by two resonances. The second resonance is of course rather high but since the input signals usually consists of lower frequencies the output, in the time domain, is dominated by the low frequency oscillation. This means that the load impedance can be represented fairly well by the model in eq.(6). If Gvx(s)=Kvx (fast valve) and Gvp(s)=0 (small valve openings or pressure compensation of the valve), then eq (6) in (4) will yield: Here Se is chosen to give the desired damping (in the experiments Se was set to 1).The load damping in the model has been set to zero since it is known a priori that the load damping is low. In this way the only parameter that needs to be estimated is WL. The quadratic denomiator in GS(s) is canceled by the numerator in the regulator and is replaced by the denominator of the regulator.
Since the dynamic properties of the system may change rather rapidly, it is necessary to monitor the system dynamics by some identification algorithm. The recursive least square (RLS) method is a well known identification algorithm for identification on-line, see ref [1] , [2] or [3] . It is here used with a variable forgetting factor in order to be able to handle both varying load dynamics and long stand stills. Some different methods of varying the forgetting factor are discussed in ref [4] and [5] . Here a simplified method was used, described below, since the need for a more sophisticated method did not arise.
In order to use the RLS-method the structure of the model has to be established. If the pressure response is dominated by one resonance frequency the transfer function in eq.(21) can be used.
So far only one actuator has been considered. Since there are two pistons on the arm that both can work simultaneously it is necessary to include a second input signal to the model. With the assumptions that the transfer function from Uv2 to the load pressure in the outer piston is the same as in eq.(21) but with another constant, and that both load pressures are proportional to each other, the complete model can be written.
(25)
Here the load damping in the numerator has been omitted since it represents a very low breakfrequency. (Since there are highpass filters in the identification algorithm removing the DC-level of the signals we cannot expect any accuracy in the low frequency range anyway). Bilinear transformation is used to obtain the transfer function of the sampled system. Substituting (26) where q is the time displacement operator (qy(t)=y(t+T)), yields (27) In order to suppress the second resonance, both input signals and pressure was lowpassfiltered before they were used in the identification, using second order software implemented filters with a break-frequency of 25 rad/s. If they where not used, the identified resonance frequency coL showed slightly more variations, since the square input signal from the computer could excite also the second resonance of the system.
CONCLUSIONS
The results shows that it is possible to dramatically reduce the oscillations in machinery with high inertia loads. Since the methods presented here use microcomputers to implement the regulators, valves with electrical input are necessary, another demand is that the valves must be sufficiently fast. The demands are not greater, however, than they allows the use of proportional valves.
Two methods of damping are discussed, pressure feedback with guide function and feedforward adaptive control. Of these the pressure feedback is the most simple alternative. It is also a very well functioning method. It was developed at a stage were we used a less potent computer for control. Measurements were also less accurate with a rather high noise level. The guide function allowed the pressure feedback to be used then, something that was impossible otherwise.
The feedforward adaptive control is on the other hand also a very interesting solution. It has until recently been difficult to implement at reasonable costs, since the demands on the computer are much higher. This is, however, no longer a problem. The method has a great potential since it is very flexible and can be combined with other types of controls such as in robotics where it can be combined with position feedback.
It should be pointed out that the overall response of the crane is not severely affected by the damping method used here since the valve is closed in less time than the period time for an oscillation.
